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Summary
Phytoremediation using Populus tremuloides (Quaking Aspen) offers a cost-effective and

sustainable method for reclaiming sites contaminated by industrial and agricultural activities.
Bioinoculants that incorporate plant growth promoting bacteria (PGPB) can enhance Aspen
growth on these sites through production of 1-aminocyclopropane-1-carboxylate (ACC)
deaminase.


Four strains of Pseudomonas fluorescens were screened for their ability to produce ACC

deaminase. Populus tremuloides were grown in vitro for 14 weeks with inhibitory levels of
saline. Seedlings were inoculated with P. fluorescens strains after 4 weeks and the saline
treatment received 150 mM NaCl after 5 weeks.


Insufficient levels of ACC deaminase activity were obtained to assess strain activity.

Uninoculated seedling growth was severely inhibited by saline. Seedlings inoculated with P.
fluorescens were much healthier and produced significantly more shoot and root biomass than
control plants. Strains PF-01 and PF-5 inoculated seedlings produced more biomass with and
without saline.


1

Future studies must induce greater levels of ACC deaminase activity to verify the

enzyme’s purported role in plant growth modulation. Development of Populus tremuloides
bioinoculants that incorporate P. fluorescens strains PF-01 and PF-5 offers significant potential
to enhance the tree growth on contaminated and non-contaminated soils alike.

Key Words: ACC deaminase, phytoremediation, Plant growth-promoting bacteria, Populus
tremuloides (Quaking Aspen), Pseudomonas fluorescens
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Introduction
Surface mining for minerals results in dramatic disturbances of the landscape and soil

quality of the affected area (Townsend et al., 2009; Zipper et al., 2012; Zhang et al., 2016).
Restoring environmental integrity requires extensive efforts to improve soil stability and
reintroduce native flora (Visser et al., 1983; Zipper et al., 2011). The traditional and most
rudimentary reclamation efforts involve capping the affected areas with imported topsoil or the
treatment and reintroduction of existing soil (Bradshaw, 2000). The former method allows for
rapid restoration, but is cost prohibitive and reliant on extensive commercial or government
subsidization (Bradshaw, 1983). The latter method is more economically viable but is limited in
the ability to reduce concentrations of deleterious compounds and requires the heavy application
of inorganic fertilizers to be successful (Hossner & Hons, 1992).
One emerging technology that has the potential to replace traditional methods is
phytoremediation, the use of plants and their associated microbes in the revegetation and
treatment of contaminated soils (Germida et al., 2002). Phytoremediation offers a tremendous
advantage by costing approximately 10 times less than conventional methods (Doty, 2008). The
technique also greatly improves the ability of remediation efforts to produce intact, biologically
active soils (Leewis et al., 2013). The primary limitations of phytoremediation are the increased
length of time necessary to achieve reclamation goals, and the adaptability of plants to growth in
marginal soils (Fischerová et al., 2006; Palmroth et al., 2007). These disadvantages may
potentially be offset by utilizing plant species with both rapid growth, and the adaptability to
contaminated soils (Lim et al., 2016).
Trees of the genus Populus are excellent candidates for use in phytoremediation of
contaminated sites. They are some of the most widely distributed trees in the world, with
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Populus tremuloides (Quaking Aspen) having the widest distribution of any tree in North
America (Barrett, 1980) (Fig. 1). Such a wide range makes them useful for efforts in many
different regions. Throughout their range, Aspens serve a vital role as keystone species in their
environment, and are a significant economic resource for the timber and pulp industries (Romme
et al., 2000; Macdonald & Fenniak, 2007; Zeigenfuss et al., 2008). Aspens are capable of clonal
vegetative growth from their roots, making them an effective pioneer species (Barnes, 1966).
Aspen species also have demonstrated ability to sustain growth in soils contaminated with metal
and organic compounds (Di Lonardo et al., 2011; Gyulai et al., 2014). The entire genome of P.
tremuloides has also been fully sequenced, which has facilitated the acceptance of the tree for
use as a model species (Cseke & Podila, 2004; Tuskan et al., 2006). Their high biomass
production ability, wide distribution, ease of in vitro propagation, ability to grow on
contaminated soils, and the possession of fully sequenced genome make them an excellent
candidate for use in phytoremediation (Confalonieri et al., 2003; Tuskan et al., 2006).
Despite the potential benefits of remediation involving Populus, there are significant
hurdles that must be overcome to make the it a viable alternative. Studies involving the
remediation of cadmium and zinc contaminated brownfields revealed through extrapolation that
it might take decades to a century to fully decontaminate sites (Deram et al., 2000; French et al.,
2006). Additionally, trees in contaminated sites are often subjected to deleterious levels of stress
from the increased salinity and heavy metals present in reconstituted topsoil from mine tailings
(Mummey et al., 2002). One potential method for addressing these shortcomings is the use of
plant growth promoting bacteria (PGPB) in conjunction with Populus. The addition of
endophytic and rhizospheric bacterial species to Aspen seedlings has been demonstrated to
greatly enhance the ability of plants to successfully grow in contaminated soil (Doty, 2008) .

PGPB Support Aspen Growth Under Salinity Stress

Successful deployment of bacterial inoculants in Aspen stands requires the isolation and
screening of species based on their ability to support plant growth. One of the most well studied
and important mechanisms involved in plant growth promotion is the production of 1aminocyclopropane-1-carboxylate deaminase (ACC deaminase) by PGPB (Ahemad & Kibret,
2014; Ali et al., 2014). ACC deaminase promotes plant growth under stress conditions through
the reduced generation of the phytohormone ethylene (Gamalero & Glick, Bernard, 2015) .
Though well studied in many crop species, the potential role of ACC deaminase production in
supporting Populus phytoremediation has not been as well investigated (Pérez-Montaño et al.,
2014). The intention of this study was to demonstrate that P. fluorescens would promote the
growth of Populus tremuloides (Quaking Aspen) under salinity stress. It was hypothesized that
growth promotion by P. fluorescens under salinity stress would primarily result from the action
of bacterial ACC deaminase. Demonstration of this effect would facilitate the use of ACC
deaminase activity screening of PGPB as a screening method for bioinoculants used to support
phytoremediation efforts.

4
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Materials and Methods

i.

Screening for Bacterial ACC Deaminase Activity

The four strains of P. fluorescens (PF-01, PF-5, SBW25, and WH-6 ) were removed from
glycerol stock stored at -80℃ and cultured for 24 h in tryptic soy broth (TSB) (Sigma-Aldrich,
St. Louis, MO) on a shaking table set for 25℃ and 220 rpm. The strains were then sub cultured
onto separate TSA plates and incubated for 24 h at 25℃. Stock plates were then maintained at
4℃ for the duration of the study with periodic sub culturing and incubation every two weeks.
Isolated colonies of each strain were then cultured for 24 h. at 25℃ at 220 rpm on a
shaking table in a 4 mL solution of DF minimal media containing 6.0 mM NH 4SO4 as the sole
source of nitrogen and set to a pH of 5.6 (DWORKIN & FOSTER, 1958). Following incubation, a
1 mL aliquot of each strain was then removed from each culture and transferred to a 4 mL
solution containing 3.0 mM ACC (MP Biomedicals, Solon, OH) as the sole source of nitrogen,
and set to a pH of 5.6. The solutions were then incubated for 24 h. at 25℃ at 220 rpm on a
shaking table. After incubation in the ACC solution, each culture was then plated onto DF
minimal media plates containing 30 µmol plate-1 ACC and incubated for 48 h. at 25℃. The
plates were prepared using 1.8% low nitrogen content Bacto-Agar, (Difco Laboratories, Detroit,
MI) the ACC was spread evenly across the agar and allowed to dry prior to inoculation. Negative
control plates containing no additional source of nitrogen (NH4SO4 or ACC) were also plated
and incubated as previously stated. The plates were then checked daily for colony growth

i.

Induction of Bacterial ACC Deaminase Activity

Isolated colonies from strains displaying significant growth on the ACC containing
minimal media plates were incubated in TSB until late-log phase at 25℃ at 220 rpm on a
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shaking table. The bacterial cells were then harvested via centrifugation at 8000 g for 10 min.
The supernatant was decanted and the pellet was washed with 5 mL of DF minimal media. The
cells were then centrifuged again at 8000 g for 10 min. The supernatant was decanted and the
cells were resuspended in 7.5 mL of DF minimal media. An aliquot of 45 µL of 0.5 M ACC
solution was then added to the suspension to obtain a final ACC concentration of 3.0 mM. The
cells were then incubated for 24 h. 25℃ at 220 rpm on a shaking table. The cultures were then
centrifuged at 8000 g for 10 min to harvest the cells. The supernatant was decanted and the cells
were washed in a 5 mL solution of 0.1 M Tris-HCl adjusted to pH 7.6. The pelletized cells were
washed again and centrifuged as previously described twice, then stored at -20℃ until they were
used in the ACCD activity assay.

ii.

Quantifying Bacterial ACC Deaminase Activity

A standard curve of α-ketobutyrate was developed for spectrophotometric assay as
follows. A stock solution of 100 mM α-ketobutyrate (Fisher Scientific, Pittsburgh, PA) was
prepared in a buffer of 0.1 M Tris-HCl at pH 8.5 and was stored at 4℃. A series of 10 200 µL
standards were then made from 0.1 µmol to 1.0 µmol α-ketobutyrate suspended in solution of
2,4-dinitrophenylhydrazine reagent (0.2% in 2M HCl). The standards were vortexed and
incubated at 30℃ for 30 min. Following incubation, 2 mL of 2M NaOH was added to the
solution and mixed. The absorbance of each of the standards was then measured at 540 nm and
used to make a standard curve.
The previously frozen bacterial pellets were thawed and suspended in a 1 mL solution of
0.1 Tris-HCl set to pH 7.6 in 1.5 mL micro centrifuge tubes. The tubes were then centrifuged at
16,000 g for 5 min. The supernatant was decanted and the pellets were resuspended in 600 µL of
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0.1 M Tris-HCl at pH 8.5. 30 µL of toluene was then added to the solution and tubes were
vortexed for 30 s. A 200 µL aliquot of the cell suspension was then transferred to a 1.5 mL micro
centrifuge tube and 20 µL of 0.5 M ACC solution was added, vortexed, and then incubated at
30℃ for 15 min. A 1 mL solution of 0.56 M HCl was then added to the tubes and centrifuged for
5 min at 16,000 g. A 1 mL aliquot of the supernatant was then removed, and 800 µL of 0.56 M
HCl and 300 µL of the 2,4-dinitrophenylhydrazine reagent were added. The tubes were then
vortexed and incubated at 30℃ for 30 min. 2 mL of 2M NaOH was then added and the
absorbance of each strain pellet solution was then measured at 540 nm.

iii.

Uninoculated Aspen Salinity Tolerance Procedure

Seeds of P. tremuloides were obtained from Natural Resources Canada, National Tree
Seed Centre, P.O. Box 4000, Fredericton, NB E3B 5P7, Canada,
(https://www.nrcan.gc.ca/forests/research-centres/afc/13449). Collection was performed in 2011
in New Brunswick, CA (N 45.41667°, W 63.43333°) and the seeds had a verified germination
rate of 89%. Long term seed storage was at -20℃ and 8 h prior to use seeds were moved to
storage at 4℃. The seeds were surface sterilized with a 10% bleach / 0.01% Tween 20 solution
then transferred to plates containing McCown’s woody plant medium (WPM) supplemented with
1.5% sucrose as previously described (Lloyd & McCown, 1980; Cseke et al., 2007). The seed
containing plates were then covered and allowed to germinate in the dark for 24 h at 22℃.
Following germination, the seedlings were grown for 1 week at 22℃ under at 16 h light cycle in
a growth chamber under full-spectrum florescent growth lights. The seedlings were then
transferred to Magenta vessels with four evenly spaced seedlings per box (Sigma-Aldrich, St.
Louis, MO) containing sifted and autoclaved perlite 1.5 cm deep and 40 mL of WPM
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supplemented with 1.5% sucrose. After 5 weeks, seedlings were separated into three groups
where each box received a 5 mL solution of 0 or 150 µM [NaCl] respectively. Seedlings were
photographed to document health and shoot length every week. The seedlings were harvested
after a total of 14 weeks from germination and 9 weeks after saline exposure.

iv.

Inoculated Aspen Salinity Tolerance Procedure

Aspen seeds were sterilized and germinated with the same methods as the uninoculated
seeds. The seedlings were transferred to Magenta vessels prepared as previously described after
1 week. 4 weeks following germination the seedlings were separated into groups and were
inoculated with one of the four bacterial strains respectively. Overnight cultures of each strain
were prepared as previously described. Each magenta box received a 200 µL aliquot of the
overnight culture. After 5 weeks from germination, groups of boxes from each strain were
treated with 5 mL of 0 or 150 µM NaCl solution respectively. Seedlings were photographed to
document health and shoot length every week. The seedlings were harvested after a total of 14
weeks from germination and 9 weeks after saline exposure.

v.

Plant Tissue Collection

Phenotypic data on shoot length, leaf number, shoot mass, and root mass was collected at
time of harvest. Shoot length was measured from the halfway point between the cotyledon scar
and the uppermost lateral root to the terminal bud. Only mature leaves capable of attribution to
specific individuals were counted. Plant tissue was separated into shoot and root portions, then
dried separately in pre-tared foil packs at 60℃ for 48 h until constant weight was recorded in
two consecutive measurements. Root mass fraction (RMF) was calculated as root dry mass
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divided by total dry mass to determine plant biomass allocation. This measurement differs from
the commonly reported biomass allocation metric of Root: Shoot ratio (RSR). Recent
measurement standardization attempts have noted the RMF is bound between 0 and 1 whereas
RSR is unbound and can vary widely due to the plasticity of root allocation in plants (PrezHarguindeguy et al., 2013). This attribute of RMF increases the utility of comparisons between
and within populations where there is significant variance in individual mass.
vi.

Statistical Analysis

Comparisons between strains and saline levels were evaluated using two-factor ANOVA
for each metric. Alpha Level was set at α = 0.05 for tests passing Levene’s test of equality of
error variances and at α = 0.01 for tests failing that criteria. Analysis of significance was
performed using Tukey’s post test at α = 0.05. Comparisons within strain treatments were
performed using the student’s t-test. Effect size for t-tests was measured with Cohen’s d. All
statistical analysis and figure generation was performed using Microsoft SPSS Version 24 (IBM
Corp., Armonk NY).
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Results

i.

Bacterial ACC Deaminase Activity

Initial culturing on nutrient rich media indicated there were differences in the growth
rates of the tested bacterial strains. PF-5 and PF-01 both produced significant growth in all zones
during isolation streaking and displayed no significant difference in growth rates. SBW25 was
less vigorous with growth in only three zones and displayed a significantly lower growth rate
than PF-5 and PF-01. WH-6 was the least vigorous of the strains with growth on only two zones
and a greatly reduced growth rate. When grown with no additional nitrogen source, strains PF-01
and PF-5 produced 5 and 18 CFUs respectively. Both SBW25 and WH-6 failed to produce any
CFUs when grown on minimal media with no additional nitrogen. Plates containing ACC as a
nitrogen source were able to support the growth of all of the P. fluorescens strains. Production of
CFUs by both PF-01 and PF-5 growth were both TNTC. Strains SBW25 and WH-6 produced
216 and 94 CFUs respectively. The bacterial ACC deaminase activity assay was performed on
two separate occasions. Both rounds of testing failed to produce significant levels of ACC
deaminase activity in strains PF-01, WH-6, or SBW25. Strain PF-5 produced activity levels of
1.23 nmol α-ketobutyrate mg-1 hr-1 in one of the two trials but the result was not replicated.

ii.

Aspen Salinity Tolerance

The P. fluorescens strains PF-01, PF-5, WH-6, and SBW25 were tested for their ability to
support plant growth under salinity stress. The saline treatment had significant visible effects on
uninoculated seedlings that correlated with dosage (Fig. 2). No signs of chlorosis, leaf
abscission, or necrosis were observed in any of the control plants throughout the duration of the
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study. Seedlings treated with 150 mM NaCl began to exhibit signs of chlorosis 2 weeks after
saline exposure and it was observed to varying degree in all seedlings in that treatment by the
end of the study. Leaf abscission was observed in five of the plants after 4 weeks, and affected
over 80% of the treatment by the end of the study. In the uninoculated seedlings receiving 150
mM NaCl, 10 became completely necrotic by the end of the study. No significant signs of
chlorosis, leaf abscission, or necrosis were observed in seedlings inoculated with PF-01 and PF-5
with either saline treatment (Fig. 2). In the group inoculated with WH-6, 8 individuals receiving
saline began to show signs of chlorosis and five of those began to abscise several leaves. Among
the seedlings inoculated with SBW25 there were 7 individuals with varying levels of leaf
chlorosis and abscission. In the saline treatment five individuals became completely necrotic by
the end of the study and three in the no saline SBW25 treatment. Approximately 25% of
seedlings across all treatments failed to continue growth following transfer to the Magenta boxes
after 1 week.
Within strain comparisons of salinity treatment indicated that there were only significant
differences between the uninoculated control plants. This effect was observed with large effect
sizes in all phenotypic data except shoot length. No significant effects of saline, strain, or
combination effects on seedling shoot length were observed (Table 1, Fig. 3). Salinity was
determined to have a slightly significant negative impact on leaf number (p = 0.025, η = 0.028).
There were no significant effects observed of strain type on the number of leaves produced by
the seedlings (Table 1, Fig.4). There was a significant increase in shoot mass production by
SBW25 in the 150 mM saline and strains PF-01 and PF-5 in both saline treatments (Table 1, Fig
5). The effect of strain on shoot mass also had a significant effect size (p <0.001, η = 0.146).
Seedling root mass production was also positively affected by salinity (p <0.036, η = 0.025).
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Strain condition was, however, shown to have a somewhat larger effect on root mass (p <0.001,
η = 0.095). Root mass was found to be significantly higher in the 150 mM saline treatments with
strains PF01 and PF-5 (Table 1, Fig. 6). Total mass production by seedlings was also observed to
not be significantly affected by salinity. The strain treatment was found to be responsible for a
sizable portion of the observed variance (p <0.001, η = 0.128). Strain PF-5 had significantly
higher total mass in the no salt treatment. All the strains except for WH-6 were observed to have
significantly increased overall biomass production compared to the control plants in the 150 mM
saline treatment. There were no significant differences observed between the root mass fractions
of any treatment based on salinity or strain.
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Discussion
Reclamation of sites contaminated by industrial and agricultural usage represents a

significant technical and economic challenge (Bradshaw, 1983; COSIA, 2017). Utilizing
phytoremediation in cleaning up these sites offers numerous advantages over conventional
methods (Bradshaw, 2000). Aspen trees are an excellent candidate for remediating a wide variety
of sites due to their wide natural range, ecological and economic importance, fast growth rate,
and ease of use in lab based experimentation (Isebrands & Karnosky, 2001; French et al., 2006;
Gyulai et al., 2014). Enhancing the ability of Aspen trees to grow on contaminated soils can be
greatly improved using PGPB to reduce plant stress (Doty, 2008). Plant growth promoting
bacteria can help overcome this stress by reducing ethylene through their production of ACC
deaminase (Gamalero & Glick, 2015). The vital role of this enzyme in their ability to support
plant growth makes its activity an excellent target for screening bacterial species for use as
bioinoculants in reclamation efforts. In this study, four strains of P. fluorescens were evaluated
for their ability to produce ACC deaminase and support Aspen growth under salinity stress.
Increased levels of saline were observed to have a significant negative impact on the
health of uninoculated seedlings. The increased prevalence of chlorosis, leaf abscission, and
necrosis were indicative of a systemic plant stress response (Renault et al., 1999). The
appearance of chlorosis, or loss of pigmentation, is associated with a decrease in chlorophyll
production. Chlorosis is a symptom often associated with ion toxicity and was most likely the
result of the buildup of chloride and sodium ions in leaf tissue (Hayward & Bernstein, 1958).
Previous studies involving a closely related species, Populus tremula (European Aspen), treated
with 160 mM NaCl observed a significant increase in sodium ion concentrations in the leaves as
high as 16.8 mg g-1 after four weeks (Vaario et al., 2011). Observations of leaf necrosis and , or
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the decay and dropping of leaves, was most likely a sign of premature senescence in plants
experiencing severe stress (Kozlowski, 1997). The seedlings inoculated with WH-6 that
displayed stress symptoms indicated that this strain might not form as close an association with
their hosts as strains PF-01 and PF-5. Strain SBW25 was observed to lead to the death of several
seedlings in both saline treatments. This result matches previous observations involving
opportunistic pathogenicity of this strain (Cseke, pers. obs.). The visible evidence of severe
stress and the significant differences between most of the phenotypic measures in uninoculated
plants indicated that the 150 mM was most likely beyond their ability to cope with the toxicity
and osmotic stress of their environment (Chinnusamy et al., 2005; Albacete et al., 2008; Ashraf
& Akram, 2009; Vaario et al., 2011).
Observing differences in the response of inoculated seedlings to saline stress were
generally positive compared to uninoculated seedlings. Visual observations made it clear that
there was a significant increase in seedling health and reduction in the prevalence of plant stress
symptoms in inoculated plants (Fig. 2). The lack of significant differences within strains between
saline conditions indicated the all the P. fluorescens strains can maintain seedling growth in the
presence of normally deleterious levels of salt (Table 1). The lack of significant differences in
seedling shoot length between all strain treatments suggested that seedling height was being
controlled by some aspect of Aspen growth more significant than the effects of salinity (Table 1,
Fig. 3). Studies undertaken in natural Aspen stands that observed seedling growth following
disturbances have indicated that juvenile mortality is primarily driven by inter and intra-specific
shading competition (Romme et al., 2005; Pinno & Errington, 2015). This intense competition
has likely selected for seedlings with rapid shoot growth that are able to shade out the
competition. The slight effect of salinity level on leaf number with no strain effect may indicate
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that leaf tissue production is reduced by ion toxicity (Fig. 4). This effect was observed in
seedlings of European Aspen where leaf count was found to negatively correlate with salinity
dosage and leaf sodium ion concentration (Vaario et al., 2011).
Examining biomass allocation in plants facilitates an understanding of how growth is
being prioritized based on need. Shoot biomass production is associated with plants seeking to
increase their rate of carbon assimilation (Agren & Ingsted, 1987). Strains PH-01 and PF-5 both
significantly increased shoot biomass with and without salt (Table 1, Fig. 5). This effect
indicated that inoculants including these strains would greatly improve both phytoremediation
efforts and reforestation in areas without industrial of agricultural contaminants (Pinno &
Errington, 2015). In contrast to shoot biomass, root biomass production is indicative of an
increased need for uptake of soil nutrients, chiefly nitrogen (Agren & Ingsted, 1987). Root
biomass production was also significantly stimulated in both salinity conditions by PF-5 (Table
1, Fig. 6.). The combination of increased aboveground and belowground biomass production
with this strain would make it an ideal constituent of Aspen bioinoculants (Table. 1, Fig. 7).
There was a significant departure from expected results regarding the seedlings root mass
fraction (RMF). Plants in environments with increased salinity are faced with the need to
decrease their osmotic potential in their roots to ensure proper uptake (Chen & Polle, 2010). This
need, combined with decreased leaf mass from ion toxicity, leads to an increase in the plant’s
RMF in saline conditions. The uninoculated seedling in this study experienced a significant
reduction in RMF in the salt condition (Table 1, Fig. 8). This response was in direct
contradiction to previous research in both woody and non-woody plant species (Albacete et al.,
2008; Lilles et al., 2012; Ali et al., 2014). The decrease in the uninoculated seedlings was most
likely an effect of being grown in hydroponic-like conditions where nutrient availability was
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much higher than the other studies where plants were grown in soil. The lack of change in RMF
within strain treatments was most likely due to the growth modulation effects of PGPB observed
in similar studies (Gamalero & Glick, 2015).
The original intention of this study was to demonstrate that the primary mechanism of
plant growth promotion in Aspen by P. fluorescens was activity of ACC deaminase. This
presumption was based on previous studies that have established ACC deaminase as the key
modulator of P. fluorescens plant growth promotion in other plant species (Glick, 2014; Ahemad
& Kibret, 2014; Pérez-Montaño et al., 2014). Studies involving tomatoes under salinity stress
observed an 86 to 100% increase in total dry mass with wild type strains producing ACC
deaminase and only a 5 to 8% increase in artificial ACC deaminase deficient mutants (Ali et al.,
2014). The four strains of P. fluorescens used in this study were previously isolated from Aspen
roots and were known to exhibit plant growth promotion in aspen with strains PF-01 and PF-5
noted as the best candidates for Aspen growth promotion (Cseke, unpublished). The expected
result of the ACC deaminase activity assay was that the bacterial strains would both display a
minimum ACC deaminase activity level ≥ 20 nmol α-ketobutyrate mg -1 hr-1, which was
considered the threshold value of activity for a bacterium to act as a PGPB (Penrose & Glick,
2003). The initial results of the assay failed to produce any measurable ACCD activity in most of
the tested strains. Successful growth of all four strains on plates with ACC as the sole nitrogen
source indicated that all were capable of producing ACC deaminase. The minor activity levels of
1.23 nmol α-ketobutyrate mg-1 hr-1 observed in one of the two PF-5 trials indicated that the issues
encountered may have been due to a failure to induce ACC deaminase activity properly. The
failure to achieve useful results with the other strains may have been the result of activity levels
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too low to detect in most samples. This can be attributed to the facultative nature of ACC
deaminase in bacteria that are capable of producing it (Honma & Shimomura, 1978).
Plant growth promoting bacteria offer significant benefits to the growth of their
associated hosts. This study established that specific strains of P. fluorescens mitigated the
deleterious effects of elevated levels of saline on Aspen seedling growth. Inoculated seedlings
produced greater biomass above and belowground than those uninoculated. This study was
unable to establish a correlation between bacterial ACC deaminase activity and plant growth
promotion potential but offers insights into potential solutions for future research. The current
study did prove the advantage of utilizing P. fluorescens strains as bioinoculants with Aspen
trees. This finding offers enormous potential for unlocking the full potential of Aspen trees as
agents of phytoremediation in contaminated landscapes.
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Tables & Figures

Table 1. Effect of salinity on the growth of P. tremuloides seedlings grown with and without P.
fluorescens. Each group was allocated 24 seedlings. All measurements were taken following
harvest after 14 weeks. Comparisons were performed with a two-factor ANOVA. Significant
differences were determined using Tukey’s HSD. Each value represents the treatment mean
(SE). Asterisks denote values significantly different from the control treatments (** p <0.01).
Table Key: SL, Shoot Length; LN, Leaf Number; SM, Shoot Mass; RM, Root Mass; TM, Total
Mass; RMF, Root Mass Fraction.

150 mM NaCl

0 mM NaCl

Treatment

Control

PF-01

PF-5

WH-6

SBW25

SL

31.4 (2.9)

35.8 (5.8)

38.7 (5.4)

38.2 (5.1)

36.8 (4.7)

LN

14.5 (1.2)

15.7 (1.0)

14.8 (1.3)

15.3 (1.2)

14.4 (1.3)

SM

22.4 (3.7)

46.1 (7.6)**

51.3 (11.7)**

36.4 (6.9)

45.4 (5.9)

RM
TM

13.6 (2.2)
36.0 (5.7)

28.0 (6.9)
74.2 (13.5)

23.9 (9.5)
75.2 (20.2)**

28.7 (7.4)**
65.0 (11.1)

16.6 (2.3)
61.9 (7.8)

RMF

0.402 (0.025) 0.328 (0.035)

0.323 (0.074) 0.374 (0.055)

0.279 (0.018)

SL
LN

23.2 (1.8)
11.3 (0.7)

32.8 (3.1)
13.5 (1.2)

28.2 (4.8)
14.1 (1.3)

30.5 (5.5)
13.6 (1.2)

40.2 (5.6)
13.5 (1.1)

SM

11.2 (1.2)

39.6 (7.5)**

35.9 (7.5)**

31.1 (6.5)

48.7 (10.1)**

RM

3.8 (0.6)

18.1 (5.1)**

24.5 (5.6)**

13.4 (3.3)

17.2 (3.7)

TM

15.0 (1.7)

57.8 (12.2)**

60.4 (12.6)**

44.5 (9.7)

65.9 (13.6)**

RMF

0.242 (0.025) 0.296 (0.056)

0.385 (0.041) 0.277 (0.022)

0.248 (0.017)
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Figure 1: USGS range map of P. tremuloides (Little, 1971).
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Figure 2. Effects of salinity on the growth of P. tremuloides seedlings grown with and without
P. fluorescens. Photos taken 100 days after germination and 79 days after NaCl treatment.

SBW25

WH-6

PF-5

PF-01

Control

0 mM NaCl

150 mM NaCl
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Figure 3. The effects of salinity on the shoot length of P. tremuloides seedlings grown with and
without P. fluorescens. Each group was allocated 24 seedlings. All measurements were taken
following harvest after 14 weeks. Comparisons were performed with a two-factor ANOVA.
Significant differences were determined using Tukey’s HSD. Bars represent ±1 SE of the mean.
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Figure 4. The effects of salinity on the leaf number of P. tremuloides seedlings grown with and
without P. fluorescens. Each group was allocated 24 seedlings. All measurements were taken
following harvest after 14 weeks. Comparisons were performed with a two-factor ANOVA.
Significant differences were determined using Tukey’s HSD. Bars represent ±1 SE of the mean.
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Figure 5. The effects of salinity on the shoot dry mass of P. tremuloides seedlings grown with
and without P. fluorescens. Each group was allocated 24 seedlings. All measurements were taken
following harvest after 14 weeks. Comparisons were performed with a two-factor ANOVA.
Significant differences were determined using Tukey’s HSD. Bars represent ±1 SE of the mean.
Bars denoted with asterisks are significantly different from the control group with the same
salinity treatment, (p <0.01).
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Figure 6. The effects of salinity on the root dry mass of P. tremuloides seedlings grown with and
without P. fluorescens. Each group was allocated 24 seedlings. All measurements were taken
following harvest after 14 weeks. Comparisons were performed with a two-factor ANOVA.
Significant differences were determined using Tukey’s HSD. Bars represent ±1 SE of the mean.
Bars denoted with asterisks are significantly different from the control group with the same
salinity treatment, (p <0.01).
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Figure 7. The effects of salinity on the total dry mass of P. tremuloides seedlings grown with
and without P. fluorescens. Each group was allocated 24 seedlings. Each group was allocated 24
seedlings. All measurements were taken following harvest after 14 weeks. Comparisons were
performed with a two-factor ANOVA. Significant differences were determined using Tukey’s
HSD. Bars represent ±1 SE of the mean. Bars denoted with asterisks are significantly different
from the control group with the same salinity treatment, (p <0.01).
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Figure 8. The effects of salinity on the root mass fraction (RMF) of P. tremuloides seedlings
grown with and without P. fluorescens. Each group was allocated 24 seedlings. Each group was
allocated 24 seedlings. All measurements were taken following harvest after 14 weeks.
Comparisons were performed with a two-factor ANOVA. Significant differences were
determined using Tukey’s HSD. Bars represent ±1 SE of the mean.

